Space-based Radio Occultation (RO) measurements using a GPS receiver on a low Earth orbiter (LEO) provide accurate atmospheric refractivity profiles. EQUatorial Atmospheric Research Satellite (EQUARS) is a planned satellite mission carrying a GPS receiver for RO measurements, whose main focus is to study the vertical coupling process in the equatorial atmosphere and ionosphere through upward propagating atmospheric waves. This paper presents a model simulation to determine the best practical orbital parameters of a LEO satellite for GPS occultation, which provides dense occultation coverage from 20
Introduction
The space-based GPS RO technique is a promising tool for monitoring the Earth's atmosphere and ionosphere (e.g., Kursinski et al., 1997) . The current paper presents the possibility of a GPS RO mission with a low Earth orbiter (LEO) whose focus is to have good coverage in and around the Earth's equator. The main focus is the area within the ±20
• latitude, with a good coverage of the area within ±30
• latitude. Several possible orbits of the LEO are simulated by varying the Keplerian parameters and the expected RO events as well as their longitudinal and latitudinal distributions based on the constellations of 29 GPS satellites are investigated. The LEO orbits are compared here to select the optimum orbit for the LEO mission in the equatorial region. Here, we mainly focus on the orbital altitude and its inclination, which are effective on the RO measurement. In this section, the basics of GPS RO technique are described and basic parameters of the EQUARS mission are introduced.
Basics of GPS radio occultation
When an electromagnetic signal passes through the atmosphere it is refracted. The magnitude of the refraction depends on the refractivity gradient normal to the signal path, which in turn depends on the density gradients and water vapor (in the lower atmosphere), as well as electron density (in the ionosphere). Thus, measurements of refraction will contain information on the density in the neutral atmosphere (and hence temperature and water vapor) and the electron density along the path (e.g., Kursinski et al., 1997) . A series of such paths at different tangent heights, as shown in Fig. 1 , yields measurements containing information on the vertical profile of refractivity. If the tangent heights lay within the neutral atmosphere, the refractivity can be converted to a profile of temperature and/or water vapor (e.g., Eyre, 1994) . On the other hand, if tangent heights are above the neutral atmosphere, the refractivity profile is converted to a profile of electron density.
At radio frequencies, it is not possible to make direct geometric measurements of the refracted angle precisely. However, if the transmitter and receiver are in relative motion, the refraction introduces a change in the Doppler shift of the received signal, and this can be related to the refracted angle. Space-based RO measurements using GPS receivers on a LEO satellite provides accurate atmospheric refractivity profiles (e.g., Kursinski et al., 1997) . The GPS RO technique is an active limb sounding of the atmosphere and ionosphere. The occultation technique uses GPS navigation signals received on the LEO satellite. The unique characteristics of the RO technique include longterm stability, high accuracy, all-weather capability, global coverage, and high vertical resolution resolving a small atmospheric structure.
The GPS RO technique was demonstrated by the proofof-concept mission GPS/MET (Global Positioning System/Meteorology) experiment conducted by UCAR (University Corporation for Atmospheric Research) (Ware et al., 1996) . GPS/MET has successfully provided the profiles of humidity and atmospheric temperature in the troposphere and stratosphere from April 1995 to February 1997 (Rocken et al., 1997) . GPS/MET data are also used to study the electron density fluctuations in the ionosphere (e.g., Tsuda et al., 2004) . The success of the GPS/MET experiment motivated the scientific community to launch many other LEO satellites to study the Earth's atmosphere and ionosphere.
The German CHAMP (CHAllenging Mini-satellite Payload) and the Argentinian SAC-C (Satellite de Aplicaciones Cientificas-C) satellites were launched on 15 July 2000 and 21 November 2000, respectively (Wickert et al., 2001) . The data sets provided by these two missions are very useful for studying the detailed behavior of the atmosphere and ionosphere. In addition, the COSMIC (Constellation Observing System for Meteorology, Ionosphere and Climatology) with its six LEO satellites was launched in March 2006, while GRAS-SAF onboard METOP should be launched in April 2006 (Rocken et al., 2000; Larsen et al., 2004) .
Most of the LEO satellites for RO launched so far have high orbital inclination angles. CHAMP orbits the Earth at 400 km altitude and 87
• inclination. The altitude of SAC-C is 705 km while its inclination is 98.3
• . The inclination of the COSMIC LEO satellites will be 72
• and their final altitudes will be 800 km. Since inclination angles of these satellites are high, the distribution of the GPS occultation is concentrated in middle and high latitude regions and is relatively sparse in the low latitude region. With the objective of obtaining the dense observations in the equatorial region, a low inclination LEO is tested here. This study is needed as the LEO satellite with a focus on the equator with a low inclination angle such as EQUARS is now in the planning stage.
EQUARS radio occultation concept
EQUARS is a mission planned for launching in 2007 by the Brazilian Space Agency (INPE) in collaboration with RISH (Research Institute of Sustainable Humanosphere), Kyoto University, Japan, Canada and USA (Tsuda et al., 2004) . The main focus of EQUARS is to study the vertical coupling process in the equatorial atmosphere through upward propagating atmospheric waves.
The scientific mission of EQUARS as defined by the satellite project committee of INPE, is global-scale monitoring of the Earth's equatorial atmosphere and ionosphere. The main objective of the EQUARS is to study dynamical, photochemical, and ionospheric processes, with special emphasis on vertical energy transport by propagation of gravity, tidal, and planetary waves. EQUARS also aims to clarify the generation and development of plasma bubbles in the ionosphere. EQUARS will have eight scientific instruments to fulfill its mission, including an airglow imager for studying the gravity waves, ionospheric and plasma sensors for monitoring the ionosphere, as well as the GPS receiver.
For the RO experiment purposes, a GPS receiver will be installed on EQUARS, which will carry two positioning antennas as well as two occultation antennas (Fig. 2) . The positioning antennas will be used for precise EQUARS orbit determination and Total Electron Contents (TEC) measurements. The occultation antennas will be attached to the front and back of EQUARS. This configuration is nearly the same as that employed for COSMIC, which will obtain both rising and setting occultations coming to the front and aft antennas. This paper is organized into three sections. The method of orbital simulation is given in Section 2. Section 3 gives examples of the results and their meaning for the number and distribution of occultation events. Finally, a summary and conclusions of the research are presented in Section 4.
Simulation Procedure
In order to test the distribution and number of occultation events that a LEO is expected to provide, the GPS satellites' position needs to be calculated and the LEO satellite orbit needs to be assumed. Supposing that a satellite moves only under the action of a central force, its simplified posi- tion is defined by Keplerian motion with the six Keplerian parameters (Fig. 3 ). For GPS, the almanac data (predicted Keplerian parameters) provided by the navigation data center of the USA Coast Guard is used as the starting point for calculating the GPS satellites position. Starting with the Keplerian orbital parameters, the GPS satellites' position is calculated in an Earth-Centered EarthFixed frame (ECEF) (for details of these calculations, refer to any GPS text book (e.g., Xu, 2003) ). The LEO position is also calculated in the same way as the GPS satellites', but starting with assumed orbital parameters.
Several possible LEO orbital parameters are considered here to choose the best possible one. Here, the altitude will be considered as a positioning parameter for LEO rather than the semi-major axes (altitude = semi-major axis−Earth's radius). The LEO altitude is varied among 3000, 2500, 2000, 1500, 1000, 750 and 500 km. For each altitude, the seven different orbital inclination angles assumed here are 30, 25, 20, 15, 10, 5 and 0 degrees. Since LEO orbit is assumed as a circular orbit, the eccentricity is set to zero. In addition, the right ascension of the orbit-ascending node, the argument of perigee and the mean anomaly of the LEO are assumed to be zero and they do not vary (except for the mean anomaly in Section 3.4).
For reference and comparison against high inclination, the 72 and 90
• inclination are considered. This is also helpful in assessing the contribution of both COSMIC and CHAMP mission for studying the Earth's equatorial region. As stated before, the actual inclination of CHAMP is 87
• , but here the 90
• inclination is considered for the sake of being general. Also, the difference between 87 and 90
• inclination is small enough and will not change the results of the simulation.
GPS orbital period is 11 h and 58 min, and, as a result, the satellites appear at the same position everyday about 4 min earlier. It takes one whole year for the GPS satellites to appear again in the same position and exact time. To make a complete simulation means to repeat the analysis for the whole year. This is not practical and is troublesome when computer CPU time is considered. To make the data statistically significant, the simulation was carried out for the first 8 days every two months. January, March, May, July, September, and November of the year 2004 were chosen for the analysis. Thus, the analyses are considered for 48 days, i.e. about 13% of the whole year.
The actual ray propagating from GPS to LEO is bent, due to the atmosphere. For simulation, the signal propagation from GPS to LEO is approximated here by a straight line. This approximation seems reasonable as the maximum expected bending due to the Earth's atmosphere is about 1
• , which is considered to be small and unimportant for this analysis. Also the straight line assumption is suitable for making fast and simple calculations considering the alternative in the implementation of the complicated and expensive ray tracing algorithms.
All the possible rays connecting the GPS to the LEO are considered here. The ray is considered to be an occultation event if its elevation angle is in the range of ±5
• of the occultation antenna bore sight direction. Also, the limits on the tangent point height are taken between 80 and 150 km for defining a single occultation event. The threedimensional position of the start and end points of an occultation event are recorded for the analysis. The sampling rate is set to 10 sec. Unless otherwise mentioned, both rising and setting occultation arriving at the front and aft antennas will be considered in the analysis.
Results and Discussion
The number of occultation events and their distribution are considered here as the criteria for comparing different LEO possible orbits. The results of Sections 3.1, 3.2, and 3.4 show the case restricting the antenna field of view (FOV) angle to 45
• on both sides of the orbit which is due to the assumed antenna gain pattern (this will be considered in more detail in Section 3.3). As mentioned before, we approximated the signal propagation by a straight line to ease the calculation. This approximation is expected to reduce the signal delay by more than 1 km. and the tangent height will be lowered by about 50 km. As only the number of occultation is considered here, this approximation is not expected to change the results. Figure 4 shows the results for different orbit altitudes. In this figure, seven altitudes are considered at 3000, 2500, 2000, 1500, 1000, 750, and 500 km. It is clear from Fig. 4 that, regardless of the orbital inclination, lowering the satellite altitude produces more occultation events. This curve also shows that increasing the inclinations leads to an increase in the number of occultation events. The 20 and 30
Effect of orbit altitude
• inclination curves show more events for the 30
• inclination down to an altitude of about 1250 km. However, for the lower altitude, an inclination of 20
• gives more events than that of 30
• . In reality, it is important to avoid any altitude lower than 300 km to insure the stability of the orbit and to avoid the ionospheric disturbance in the F-layer. At low latitude (around the geomagnetic equator), which is the case considered here, the F-layer effects occur at an altitude of about 400-500 km. In addition, a lifetime of satellite mission depends on the atmospheric drag force, because it is related to the decay of orbital altitude. Since the atmospheric drag force is approximated by a linear function of an atmospheric density and a satellite shape, the atmospheric drag force at an altitude of 750 km is expected to be smaller than that at an altitude of 500 km by an order of magnitude in the case of the same satellite (shape). Thus, the altitude of 750 km is considered to be the practical one for the LEO considered here. This will also allow more accurate observations of the ionosphere, as the signal will travel a longer path through the ionosphere. Figure 5 shows the effect of the inclination on the total number of events at different altitudes. It is clear that all the curves follow the similar trend of increasing gradually with increasing of the inclination until it gives a global maximum at 90
Effect of orbit inclination
• inclination. Figure 5 also indicates that for altitudes above 1500 km, the number of occultation events increase monotonically with increasing the LEO inclination angle till its maximum at 90
• . On the other hand, there is a local maximum in the number of occultation events by varying the inclination angle at fixed altitudes lower than 1500 km. For example, the altitude of 750 km has its local maximum The solid circle shows the expected events within the −3 dB antenna gain, the cross curve is the events within −2 dB antenna gain and the solid triangle one is for −1 dB antenna gain.
at about 20
• inclination angle. In order to have a clear idea about which inclination is suitable for the LEO considered here, we investigate the longitudinal and latitudinal distribution of events. Figure 6 shows an example of the occultation event distributions on a global map as well as their longitudinal distributions acquired with the front antenna, for two orbital inclinations 20 and 5
• for 1 January 2004. This figure shows that the longitudinal distribution of the events is nearly homogeneous, regardless of the orbital inclination angle. Considering the solid circle curve (antenna FOV angle of 45 deg), both inclinations provide about 10 events daily every 10
• in longitude. Comparing the distribution of events on the global map for the two inclinations indicates that the 20
• inclination shows better latitude coverage up to ±30
• , while the events provided with 5
• inclination is much more concentrated around the ±10
• latitude. Figure 7 shows latitudinal distributions of the expected occultation events for the whole (48 days in total) data set considered with a 10 • latitudinal bin for four possible orbital inclinations, 90, 72, 20 and 5
• . Here only the solid circles curve will be considered, which shows the case for considering the 45
• restricted antenna FOV. All four inclinations give a distribution that decreases and reach a minimum value of about 300 or less at latitudes poleward of 80
• .
An inclination of 90
• gives the latitudinal distribution that has its maximum value of about 1000 events (about 21 events/day/antenna) at latitudes north or south of 30
• and shows a local minimum of about 900 events (about 19 events/day/antenna) around the equator. The occultation event distribution for the 72
• inclination angle shows a maximum value of 1400 events (about 29 events/day/antenna) at latitudes north and south of 55
• and a minimum value of about 600 events (about 12 events/day/antenna) at the equator and up to a latitude of about ±20
• . On the other hand, for an inclination of 5
• , the distribution is concentrated around the equator with a maximum number of about 1100 events (about 23 events/day/antenna). For the 20
• inclination case, the maximum number is about 1200 events (about 25 events/day/antenna) at the equator up to ±10
• latitude. Comparing the distribution for the inclination of 5 and 20
• , one can see that the 20
• inclination angle distribution gives a maximum density more than that possible with the 5
• inclination in the tropics (30
• S to 30
• N). Realizing that the aim of the LEO considered here is to cover the tropics, it is obviously not suitable to choose a high inclination. Also, for having maximum coverage for this region, it is better to choose the 20
• inclination. This is compatible with the results indicated by Fig. 5 that the local maximum point for the 750 km altitude is at the 20
As stated above, only the solid circle curve in Figs. 6 and 7 is considered in the above discussion. The solid circle curve represents the number of possible events if we consider only events within the 45
• antenna FOV angle. The solid triangle and cross curves are considered in the next section dealing with the antenna gain and FOV. However, it is interesting to note that the triangle and the circle curves follow nearly the same trend as the continuous line curve and thus support the same results about the orbital inclination.
It is important to note here that in both Figs. 6 and 7, only the distribution of the events for one antenna is considered. The results show that the other antenna provides almost the same distribution with minor differences due to the geometry of the GPS satellite. These differences are statistically insignificant. Considering only one antenna is also helpful in assessing the CHAMP satellite contribution to areas around the equator as it has only one antenna.
Effect of restricting the antenna field-of-view angle
(antenna gain) The bore sight angle is strongly correlated with the antenna gain. The antenna gain pattern (normalized relative to the bore-sight gain) of the assumed antenna is shown in Fig. 8 as a function of the antenna FOV angle. Figure 8 also shows that, for the antenna considered here, the −3 dB an- tenna gain is equivalent to restricting the assumed antenna FOV angle to 45
• both ways from bore-sight. The −2 dB antenna gain is equal to 37
• restricted antenna FOV. The −1 dB antenna gain limit is the case for 26
• restricted antenna FOV.
The simulation results suggest that for the −1 dB antenna gain (solid triangle in Figs. 6 and 7), about 56% on average is lost out of the total expected number of events. The loss is about 40 and 25% for the −2 (+ curve) and −3 dB (solid circle), respectively.
The effect of antenna gain pattern is considered in Fig. 9 in terms of the antenna FOV angle. The dashed curve shows the accumulated number of the expected events over the whole data sets without any effect of the antenna gain. The dashed curve indicates that the number of events increase with a widening of the antenna FOV angle up to about 65
• . After 65
• , the curve is almost flat, which indicates saturation and widening the antenna FOV angle more does not increase the number of events.
If a linear relation is assumed between the number of observed events and the antenna gain, the number of events will follow the solid curve in Fig. 9 . The solid curve indicates that at 45
• antenna FOV angle we lose about 23% of the total number of occultation events. Also, the saturation happens much earlier at the antenna FOV angle of 45
• . It is important to note here that with decreasing antenna gain, the signal-to-noise ratio (SNR) of the signal also decreases. The GPS receiver might be able to track down into the atmosphere until a certain critical SNR is reached. Since the number of occultation events shows saturation at the 45
• FOV angle of antenna, which means −3 dB, it might be possible as a first approximation to consider any lower gain out of the range of detection of the GPS receiver. This will not decrease the effective number of occultation events which can be deduced from the continuous curve of Fig. 9 . 3.4 Effect of using more than one satellite in the same orbit In order to test the number of expected occultation events over a certain (local) area, the above-chosen best practical orbit is used. One LEO is considered and the number of events falling within 500 km of distance from a chosen point (a specific ground-based observatory) is counted. On average, every 12 h, one occultation event is possible. In an effort to increase the number of events within a local area, the effect of having more than one satellite in the same orbit is also checked with two configurations. The first is equally spaced satellites, while the second configuration is very close satellites in the same orbit. Two, three, four, five, and six satellites were considered. For the very close satellite, they were defined to make flights separated by 36
• in mean anomaly, which corresponds to an almost 10 min time difference at a 750 km orbit altitude. The analysis was stopped at six satellites as more than that are not considered to be visible. An example of an observatory located at 10 • S, and 50
• W in Brazil is given in Fig. 10 . This figure shows the occultation events obtained from three equally spaced satellites separated by 120
• in the same orbital plane for two days; 1 and 2 January 2004. In this case, at least one atmospheric profile will be obtained every 6 h within 1000 km from the observatory. This simulation result suggests that the GPS occultation measurements with the multiple LEOs have the ability to measure atmospheric profiles comparable to temporal and spatial resolution of the radiosonde observation.
Analysis of the whole 48-day data sets reveals that the increase in the number of events is linearly proportional to the number of satellites, regardless of whether they are near or equally spaced. The difference between nearly spaced and equally spaced satellites is that with nearly spaced satellites the events are more concentrated, both spatially and temporarily.
Conclusions
Simulation of different possible orbits for a GPS radio occultation LEO mission with a concentration on tropical coverage is shown here. The GPS satellite position is calculated using broadcast almanac data. The LEO altitude, inclination, its antenna view angle and gain are considered here. Number of occultation events and their longitudinal and latitudinal distributions are the parameters for comparing different possible LEO orbits. The possibility of increasing the occultation numbers over a given area is also studied.
The analysis showed that the most practical orbital plan for LEO is the one with 750 km altitude and 20
• inclination. An antenna view angle wider than 45
• will have lower SNR and thus might fall out of the range of the receiver detection. The antenna gain effect on the number of events as well as the receiver detection limit need to be investigated further using experiences gained from other missions like CHAMP or SAC-C satellites. It is also shown that the number of expected events increase linearly with increasing number of satellites in the same orbit.
